Femtosecond laser ab'ation has been shown to produce well-defined cuts and holes in metals with minimal heat effect to the remaining material. Ultrashort laser pulse processing shows promise as an important technique for materials processing. We will discuss the physical effects associated with processing based experimental and modeling results.
II\ITRODUCTION
The use of femtosecond lasers allows materials processing of practically any material with extremely high precision and minimal collateral damage. Advantages over conventional laser machining (using pulses longer than a few tens of picoseconds) are realized by depositing the laser energy into the electrons of the material on a time scale short compared to the transfer time of this energy to the bulk of the material, resulting in increased ablation efficiency and negligible shock or thermal stress. The improvement in the morphology by using femtosecond pulses rather than nanosecond pulses has been studied in numerous materials from biological materials to dielectrics to metals. '7 As part of our short pulse material processing studies, we modeled physical phenomena related to material processing. Our descriptions include one pulse ablation, cumulative effects of multiple pulses on the crater bottom, and light interactions with the channel walls. The penetration of laser radiation into the metal is very small and the ablation can be treated locally as onedimensional. We used the hydrocode HYADES8 to model ablation. We were able to evaluate absorption as a function of laser parameters and to suggest a reasonable estimate of the ablation rate. 9 We start with an overview of these results. Then we will show how to match this initial ablation stage to a description of the plume over longer time scales.
Experiments show that the crater bottom becomes corrugated very quickly. We will explain the appearance of the corrugation and estimate the time needed for growth of relief. The absorption in the walls is essential for high aspect ratio drilling. We will discuss this problem in the last part of the paper. In the conclusion, we will summarize our understanding of the process of metal drilling and will formulate key problems still needing to be resolved.
PLANE ABLATION DESCRIPTION
The laser radiation incident on the metal surface is absorbed in a very thin skin depth (less than 10 nm for 826 nm radiation in Al). Even for modest radiation fluxes of few J/cm2, the concentration of absorbed energy in such a thin layer generates pressures in the range of a few megabars. At this high energy density, energy is transported out of the absorption zone by shock waves: typical expansion velocities are so high (few km/see) that the density in the skin layer changes significantly in a time of a few tens of femtoseconds. Hence, adequate modeling of USLP laser-metal interactions requires use of a hydrocode with an electromagnetic wave solver to enable treating the modification of absorption during the pulse. The present work used the code HYADES which is described in detail in Ref. 8 . Fig.1 presents modeling results for USLP absorption by an Al target in comparison with the experimental data of Milchberg et al.1° The pulse duration was 400 fs, and the laser wavelength was 308 nm. The simulation reproduces the experimental data reasonably well. Differences exist, in part, because our calculations didn't take into account variations of refractive index with density and temperature nor increases of absorption due to melting of Al. Note the difference between simulations and experiment at low intensities. This implies that the 'cold values of refractive index used in the simulations did not precisely correspond to the specific material used in the experiment. In specific cases, models can be adjusted to agree better with experiment, but the present form is adequate to study the basic physics of USLP metal ablation. ig.l indicates that absorption first increases with intensity and then drops at very high intensities. This behavior is generic for highly reflective metals. The absorption increase is related to plasma formation and expansion: absorption increases when the plasma density drops and gradients become less steep. At high intensities, the plasma becomes hotter, the collisional rate drops, and the reflectivity consequently increases. This "plasma mirror" effect has been observed and utilized in experiments with the Petawatt laser.
The calculated angular dependence of absorption in Al for different intensities and polarization are presented in Fig.2 . One sees that at high intensities the plasma-enhanced absorption has an angular dependence similar in form to that of the cold metal-absorption is more efficient for P-polarized light. One ofthe most important quantities to model is the amount ofmaterial removed by USLP ablation. Material removal takes place on a time scale much longer than that of energy deposition. The simulation of such long time behavior must include 3D geometrical effects, description of phase transition with significant changes of material density, descriptions of material strength etc. Such comprehensive theoretical descriptions are extremely difficult to realize. We recently suggested9 , a plausible theoretical measure for the amount of material removed. If our calculations are continued to times of a nanosecond or longer, one notices that the amount of material moving away from the bulk is no longer changing. Therefore, the position of zero velocity is taken to divide material that will ultimately be ablated from that which will remain. Such an approach disregards, for a example, long time evaporation effects. But for metals, which cool rapidly, such effects are not important. Our calculations indicate that for a wide range of absorbed energy Q, the removal rate varies as a power function of Q. The removal rate is presented as function of pulse duration in Fig.5a . One can see the sharp drop in removal efficiency, the amount of material removed by one pulse, for pulses with duration longer than one picosecond. Simultaneously, a sharp increase of total energy absorption takes place. For longer pulses of equal energy, the plasma expands enough to shield the ablation surface while the plasma profile is smooth enough to provide strong collisional absorption. Nearly all of the absorbed energy is carried out with the ejecta and does not effect the ablation surface. The results of the simulations are consistent with the experimental data presented in Fig.5b . The time needed to drill through films of varying thicknesses of stainless steel was measured. One can see that for pulses shorter than 1 psec the time to drill through is insensitive to pulse duration and that drilling time goes up sharply for pulses longer than 10 psec.
Experimentally, the ablation rate s functional dependence on absorbed energy becomes more complicated. As the machined holes or slots develop, the bottom surface becomes corrugated as illustrated in Fig. 6 . Possible causes of this will be discussed later in section 4. Nonetheless, this surface structure will most likely affect the fraction of energy absorbed at the ablation surface. Evidence of this is seen in the fact that the depth of holes drilled in aluminum and copper are four and five times, respectively, that of holes drilled in stainless steel for the same number of laser pulses. This is in spite of the fact that the expected absorbed energy in copper, calculated from the Fresnel coefficients, is 1/10 that of stainless steel.' ' The various features also exhibit different dependence on incident fluence, making it difficult to correlate the observed removal with a 1-d planar surface approximation.
ABLATION PLUME EXPANSION
For laser film deposition and laser breakdown diagnostics, it is desirable to relate parameters of ejecta far from the target to those near the target. The large variety of physical processes involved, for instance laser-material interaction, hydrodynamics, thermal and radiative transport, make an analytical description extremely difficult. Numerical simulations seem to be the only viable option. However, the large disparity in spatial and temporal scales involved make it impractical to simulate the ejecta expansion to large distances from the target within the framework of the radiation-hydrodynamic ablation model. For example, a typical calculation would require an adequate description of the laser energy deposition that occurs on a time scale of hundreds of femtoseconds and spatial distances on the order of tens of nanometers, while the same model would be required to predict the behavior of ejecta at the final stage of expansion that takes place microseconds later and centimeters away from the initial energy deposition event.
A possible solution to this problem is to employ more than one model, each one suitable for a particular stage, and to match them at an intermediate time. Plume evolution includes two important parts -an initial one-dimensional and a final threedimensional evolution. The difference is not only geometrical, but in the type of physics playing a major, defining role. The one-dimensional stage takes place during the time of actual laser energy deposition when the initial expansion occurs. At this time the longitudinal size of the hot material is still much smaller than the transverse size which is set by the laser spot size. Laser-material interaction, ionization, energy and material transport are the dominating physics during this period. After some time the ejecta cloud becomes truly three-dimensional, and the physics simplifies considerably. At this stage, conventional hydrodynamics plays the dominant role and plume evolution is sensitive only to integral parameters of the laser pulse such as total energy and mass. Anisimov et.al. ' 2 suggested an exact hydrodynamic similarity solution for 3D gas ellipsoid expansion to describe such ejecta. In this model, the plasma is treated as an adiabatically expanding ellipsoidal . SEM micrograph of hole drilled for 6000 shots with a gaussian spatial profile at normal incidence in stainless steel, 1 ps pulse length, circular polarization, 10 J/cm2. The inset is a rough depiction of how the cross-section would look.
cloud. All flow parameters are constant on ellipsoidal surfaces for this solution. The expansion process description includes gas cooling and cloud shape deformation.
The expansion of the plasma ellipsoid is determined by six parameters-the initial ellipsoid sizes, plume mass and energy and gas adiabatic constant. The spot size can be taken as the ellipsoid initial transversal size. The zero velocity position introduced above is considered as the boundary of expanded material; the mass and energy of ejecta constitute half of the ellipsoid s mass and energy (other half of ellipsoid is inside the material).
The thickness of removed material can be taken as the initial longitudinal size. Calculations indicate that plume properties are not very sensitive to the exact value of initial thickness. Finally the ideal gas adiabatic constant of 5/3 was assumed. As a result we are able to characterize the plume parameters (energy, density and velocity distribution) in terms of laser radiation and target parameters. Fig. 7 shows the calculated energy of the plume as a function of absorbed energy. One can see that plume energy and absorbed laser energy are proportional for a wide range in absorbed energy; about 90% of the absorbed energy is ejected with the plume. This is consistent with the small collateral damage observed in USLP processing.
Initially, the heated material has a pancake shape with transverse size much larger than longitudinal size. Pressure changes slowly along the surface, but sharply across the ablated surface. As a result, material is mainly accelerated normal to the surface and plume expansion is very directed. The calculation of plume angular width versus pulse intensity for different spot sizes is shown in Fig. 8 . The bumps on the curve probably are of numerical nature. 
GROWTH OF SURFACE RELIEF
The crater bottom can become corrugated soon after material removal begins. Surface relief developed over many shots is shown in Fig.9 . Since each individual shot removes only a small amount of material, drilling a hole through a film thicker than the hole diameter encounters the ablation of corrugated surfaces.
A plane metal surface irradiated by laser light can be unstable to the growth of surface relief. Such instability can be understood as follows (see e.g. Refs. 13. 14). Consider a small periodic surface modulation (grating) with wave number g. Surface modulations diffract the incident wave, and the interference of the incident and diffracted waves produces a penodic variation of light energy absorption. If this modulation of absorbed energy leads to growth of the grating, it serves as a feedback mechanism driving the growth of surface modulations.
The problem of surface relief excitation has been considered in the literature mainly in the context of CW or long laser pulses. Several feedback mechanisms have been investigated.'4 First, evaporation should be mentioned. Higher local intensity results in increased surface temperature which, in turn, enhances the evaporation producing relief growth. Other mechanisms studied included the thermocapillary mechanism and the melt displacement by vapor reciprocal momentum.'4 All these mechanisms are irrelevant to the USLP interaction with metals.
In our case, the deposited energy density is very high. Local pressures can reach the megabar range. Energy transfer occurs not only via thermal conduction, but also by shockwaves. Nevertheless, the immediately affected layer of material is very thin and remaining material solidifies very fast after pulse termination, on a time scale of 0.1-1 nsec. The melt solidifies before any relief relaxation can take place.'5 Instability development takes place during the pulse for long pulses. For USLP, the cooling time is too fast. Surface relief modulations survive from one shot to the next optimal small surface variations accumulate with the following pulses, and relief formation takes place after many shots.
(a) Fig. 9 . SEM photomicrographs of surface of holes after 200 pulses drilled in stainless steel at 45 angle of incidence and 8J/cm2 for P (a) and S (b) linear polarization. The plane of incidence is vertical in these pictures.
For USLP shorter than a few psec, material removal is expected to be determined by the locally absorbed energy Q and is not sensitive to the pulse duration. Absorbed energy Q is, in turn, determined by the pulse energy, the material absorption coefficient, and the polarization and angle of incidence of the light. The thickness of material removed by one pulse can be written as -=F(Q) ( 
4.1)
Here z=Z0+z1 is the surface position, Zo is the spatially averaged value, while z1 is the local corrugation. N is the number of laser shots and F is a monotonically increasing function of energy Q to be defined either theoretically or empirically.
Interference of the incident and scatterred waves results in modulation of absorbed energy: Q =Qo + Qi which produces the feedback necessary for relief growth..
It is important to mention that the wavelength of the most unstable relief is non-sensitive to the feedback mechanism. It is evident that the light interaction with the surface modulation will be most efficient when the scattered wave propagates along the surface. For this electromagnetic surface wave we must have k g = k
The maximal growth has structures in which the tangential part ofthe incident laser electric field will be parallel to the Bragg vector g. For P-polarization, the reliefwavelength is given by [see e.g. Ref 14] 
sin i9
For an angle of incidence of 45 degrees, the relief wavelength is about 3.4 times the laser wavelength. For S-polarization, the surface modulation wavelength is given by = -, (4.4) cos i9 and is 2.4 times shorter. From fig. 9 , one can see that both the orientation and wavelength of surface relief observed in experiments are consistent with the above estimates.
We estimate now the number of pulses needed for relief development. Separating the CW and oscillating parts of (1) Our simulations above indicated that for Al ablation, F is a power function of Q Approximating the function F as a power m of the absorbed energy Q, G can be estimated as G mIm(1/)kZ0 > kZ0 (4.8) where Z0 is the average depth ofmaterial removed after N pulses This type of periodic relief shown in Fig. 9 is only observed for low incident laser fluence or in the low fluence region of a more energetic Gaussian pulse. At higher fluences (above .5 J/cm2 in stainless steel), deeper modulation of the surface of the hole bottom is observed with scale lengths of tens of wavelengths. This can be seen in the center region of the hole shown in Fig. 9 (b) as well as in the more developed holes shown in Figs. 6 and 10. The depth ofthis modulation grows with increasing fluence as well as with increasing number of pulses. Some of the features seen in Fig. 9 (b) actually extend above the original surface, indicating that redeposition ofmaterial also plays a role in the formation ofthese structures
The smoothing is probably related to the dependence of the local heat of evaporation on local surface curvature Leff L -(a I p)(1 I R) (4.9) where L is the specific heat of evaporation for a planar boundary, cs is the surface energy density (surface tension), and R is the radius of curvature of the boundary. At high energy pulse ablation the small scale structures are eliminated by evaporation and longer scales structures are generated. The development of long-wave surface modulation is enhanced by changes of absorption due to local variation ofpolanzation and angle of incidence.
As mentioned above, these features are formed over several hundred or thousand pulses with only a few tens or hundreds of nanometers ofmaterial being removed per pulse. We have seen no correlation between the surface modulation ofthe hole bottom to spatial variations in the laser beam, but successive holes drilled under the same conditions exhibit very similar morphology. There must be a stable mechanism which seeds these surface instabilities as well as a feedback mechanism over many pulses which leads to their growth and the resulting deep modulation. This mechanism does appear to depend on material properties as can be seen in the differences in the morphology between stainless steel, aluminum, and copper shown in Figs. 6 and 10.
Ofparticular interest in the features seen in Figs. 6 and 10(a) is the circular hole that seen near the center ofthese two larger holes. Above a certain threshold fluence (approximately 5 J/cm2 in stainless steel and aluminum), such circular channels are always observed for holes deeper than5O-100 m, with the depth after a given number ofpulses increasing rapidly with increasing fluence. It appears that above this threshold fluence, one ofthe smaller features near the peak ofthe fluence begins to enlarge and grows in depth faster than the surrounding features. This deep channel tends to have nearly perfect circular symmetry with smooth walls and diameters at the top ofthe channel ranging from 30 to 100 m. The channels can also extend several millimeters into the material with the removal rate, once the channel is formed, being approximately independent of depth. Finally, we have observed the formation of these channels even when doing line cuts where the beam is scanned across the surface. In this case, a series ofthese channels approximately 30 m in diameter was formed in a quasiperiodic row at the bottom of the slot. The period of formation (50 m) is independent of spot size or scan rate (which was slow enough to have significant beam overlap from pulse to pulse).
We have not yet determined what parameters affect the creation and growth ofthese deep channels during hole drilling, but there is no apparent correlation with the incident laser spot except that the channel will always appear near the peak of the fluence, i.e. for a Gaussian beam, the channel will be near the center while for an annulus, there will be a ring of channels in the outer region of the hole. The channel diameter increases only slightly with larger fluences but is larger in aluminum then -7,. -(a) (b) Fig. 10 . SEM photomicrographs of blind holes drilled in (a) aluminum and (b) copper at 15 J/cm2 after 1500 shots. The laser parameters were normal incidence, circular polarization, and 1 Ps pulse length.
in stainless steel. There is also some dependence of the channel diameter on the overall size of the hole being drilled, which we have not yet quantified. In addition, while ablation of much of the surrounding material is independent of fluence, the material removed per pulse inside this central channel increases linearly with fluence and can reach rates that are several times the rate of material removal in the larger hole. In practical applications, this means that at high fluences, energy will break through the work piece through this channel much sooner than the completion of the removal of the surrounding material. This makes reporting of drillmg rates dependent on how the rate was determined.
However, material properties also have an effect on the formation and growth of the deep channel features. In fact, when drilling holes in copper ( Fig. 10(b) ), we have observed no large, deep channels for fluences up to 15 J/cm2. Instead, many smaller channels (-lQ--20 m diameter) are formed, but these do not extend as deeply into the material. The ablation rate inside these channels also increases more slowly with fluence than those discussed above for aluminum or stainless steel. We
have not yet determined if large, deep channels can occur in copper at higher fluences, nor have we determined what property of copper contributes to the suppression of the deep channels.
The presence of deep surface modulation in turn modifies the laser material interaction. We found above that, for ablation of a plane, about 90% of the absorbed energy is carried out by the plume, which is ejected normal to the surface. The melted layer is very thin and solidifies before any surface modification takes place. When laser radiation impinges on a corrugated surface, however, ejected material can hit the side of a nearby crest. Redeposition of energy, mass and momentum then takes place. The typical flight time for relief with height scale of tens of microns is in the nanosecond range. Hence, more absorbed energy now returns to the condensed material, and the energy deposition time now stretches up to a few nanoseconds. The resultant melt is deeper and has longer time for evolution. In addition, the deposited momentum drives the melt motion and can produce the structures observed in experiments. 
THE INTERACTION OF RADIATION WITH THE WALLS.
Applications often require drilling a deep hole with high aspect ratio. Laser light propagating toward the bottom of a deep hole can be appreciably attenuated and can undergo changes in spatial distribution. This has a strong affect on hole morphology. Fig. 1 1 presents weak signal measurements of transmission through a hole drilled at higher intensity with the same beam shape. A significant fraction of the laser energy is absorbed or scattered before reaching the bottom. Holes drilled through a fixed thickness at higher intensity are wider and transmit more light.
To evaluate absorption in the walls consider the propagation of light in a straight cylindrical channel with radius a. For numerical estimates we consider drilling of Al with 0.8 micron radiation. The dielectric constant for Al at this wavelength is E=-6l .5 +45.7i,'6 and the typical hole radius a=lOO m. The similar linear problem of CO 2 laser propagation in metallic capillaries was studied in [171 and we will adopt their results for our case.
For E<<ka modes with TE and TM polarization are strongly coupled. Consider only angular modes with m=l and longitudinal propagation number h corresponding to the linear polarization of incident radiation, E, H f(r) exp(i4+ihz). For typical drilling experiments, the condition k4 a2 <<4k2 is valid, where the transverse wavenumber k is k2 -h2 and TE and TM modes are mixed. For a hybrid mode propagating along the channel the damping coefficient is given by The corresponding expression for higher order modes is multiplied by m2 where m is the mode number. For the typical drilling conditions indicated above, the damping of the fundamental and lower modes is thus expected to be very small, the attenuation length being over iO times the hole radius. Experiments'7 carried out for CO2 radiation propagation in capillaries, however, discovered much higher damping. Even polished surfaces of capillaries were corrugated enough to transfer significant energy from the volume mode to heavily damped surface waves with as:ii; (5.3) on a scale less than the hole radius. Surface roughness in the wall of drilled holes is surely larger than that of polished waveguides so strong resultant attenuation is natural. The instability of surfaces to corrugation growth discussed above is expected to take place for the hole walls, but we presently have no experimental observation of this. Additional corrugations can be produced by a material re-deposition. The nonlinear stage of corrugation growth at high fluence is presently not understood.
One of the most intriguing phenomena associated with deep drilling is the formation of smooth round channels as descrbed in Sec. 4 . Radiation absorption in the walls possibly plays a role in the formation of such channels. For small channels, absorption is strong enough to remove wall corrugations by evaporation. This "ablative polishing" is expected to ultimately result in a decrease in channel absorption. For a wide channel, absorption in the walls is not sufficient to heat material to melting. For the experimental conditions corresponding to Fig. 10 , for example, estimates indicate that even if all nontransmitted energy were absorbed in the walls homogeneously over the full length of the hole, this energy is insufficient to cause melting of the surface. For a very small channel, absorption is strong even for smooth walls and radiation cannot propagate far. We can speculate that there may be an optimal channel size at which ablative polishing yields smooth walls without being so small as to result in strong damping.
CONCLUSION
There is a rich set of processes involved in the ultrashort-puise laser drilling of metals. We understand reasonably well the ablation of planar metal surfaces. Unfortunately for processing applications, ablation of planar surfaces is unstable to the growth of surface corrugation. We demonstrated that corrugations become significant after removal of a layer of thickness only a few laser wavelengths. Corrugations change the laser light energy deposited in the material. Light absorption in the walls plays an important role in drilling of deep holes. Also re-deposition of the material can affect the absorption in the walls and structure formation on the crater bottom. Self-organized coherent structures form on the bottom of the crater. Even good qualitative understanding ofthese latter phenomena is presently lacking.
